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OPEN OPTOELECTROWETTING DROPLET
ACTUATION DEVICE AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Provisional Patent
Application No. 61/220,392, filed Jun. 25, 2009, which appli-
cation is hereby incorporated by reference.

GOVERNMENT RIGHTS

This invention was made with U.S. government support
under Contract/Grant No. CCF-0726821 awarded by the
National Science Foundation. The U.S. government may
have certain rights in the invention.

BACKGROUND OF THE INVENTION

Digital microfluidics has been emerging as a promising
development in lab-on-a-chip (LoC) systems [1-5]. A variety
of droplet actuation methods have been conducted, including
thermal Marangoni effect [6], photosensitive surface treat-
ment [7], surface acoustic wave [8], liquid dielectrophoresis
[9] and electrowetting [10, 16-19]. Among these techniques,
electrowetting draws attention due to its high performance,
reliability, simplicity and fast response. Based on the droplet
manipulation, one is able to integrate different cumbersome
laboratory operations in a microliter liquid, called lab-in-a-
drop [11]. Increasing numbers of assays have benefited from
this innovation, such as polymerase chain reaction (PCR)
[12] and cell sorting [13]. Lately, addressable electrowetting
has been exploited to extend the technique [ 14]. An optoelec-
trowetting (OEW) approach proposed by Chiou et al.
employs a photoconductor, making “virtual electrodes” [15].
The electrodes are generated dynamically with projected
images, realizing multi-droplet and programmable manipu-
lations. A voltage is applied across two parallel plates, one
above and one below a dropletina closed configuration which
seriously inhibits integrating additional components or exten-
sibility.

SUMMARY OF THE INVENTION

The present invention provides an open configuration of an
optoelectrowetting (OEW) device which compensates for
deficiencies of closed configurations and lends itself to a
complete lab-on-a-chip (LoC) system.

One aspect of the present invention is an open optoelec-
trowetting (OEW) device for liquid droplet actuation, com-
prising a conductive layer with a plurality of substantially
coplanar driving and reference electrodes in an interdigitated
alternating pattern on a substrate, the plurality of driving
electrodes being electrically connected in parallel and the
plurality of reference electrodes being electrically connected
in parallel for connection to respective terminals of an AC
voltage source. The device includes a photoconductive layer
on the conductive layer, a dielectric layer on the photocon-
ductive layer, and a hydrophobic layer on the dielectric layer.

The objects and advantages of the present invention will be
more apparent upon reading the following detailed descrip-
tion in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of an embodiment of the
chip layout. The electrodes are arranged in an alternating
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2

pattern of reference electrodes and driving electrodes. The
interdigitated edges are used to decrease the discontinuity due
to the gap. From the bottom to the top, the materials are glass
substrate, titanium (T1) electrodes, amorphous silicon (a-Si)
photoconductor, silicon dioxide (SiO,) insulator, and Teflon
hydrophobic coating.

FIG. 2 is a schematic diagram showing the mechanism of
the open OEW. FIG. 2A shows the initial state before illumi-
nation. The droplet maintains a high contact angle and the
principal voltage drop falls within the photoconductive layer.
FIG. 2B shows the excited state after illumination. The
impedance of the photoconductor is significantly reduced,
shifting the major voltage drop to the insulator. The contact
angle decreases in response to the change, enabling the drop-
let to move.

FIG. 3 shows a droplet covering two electrodes and the
resulting circuit with and without illumination on one side of
the droplet.

FIG. 4 shows a droplet covering three electrodes and the
resulting circuit with and without illumination on one side of
the droplet.

FIG. 5 shows the voltage drop in the insulator versus driv-
ing frequency. The notation “c” denotes the photoconductiv-
ity ratio (light-to-dark conductivity ratio). The optimal opera-
tional region yields the maximum photoconductivity ratio.
The driving voltage in the example is 50V, and the opera-
tional bandwidth is between 100 Hz and 800 Hz. Frequencies
out of the range can induce limited or no OEW effect.

FIG. 6 shows basic droplet manipulations using an o-OEW
device and a driving voltage of 42 Vrms at 500 Hz. FI1G. 6A
shows multidirectional actuation on an open surface. The
droplet initially moves up and to the left followed by move-
ment down and to the left. FIG. 6B shows a laser spot in the
middle of the two droplets, causing both droplets to wet the
illuminated surface and merge together. FIG. 6C shows three
laser beams shone on three separate droplets and the droplets
simultaneously actuated.

FIG. 7 shows basic droplet manipulations with droplets
immersed in silicone oil. The driving voltage in the example
is 35 Vrms at 310 Hz and the droplet volumeis 10 ulL. FIG. 7A
shows droplet translation; FIG. 7B shows droplets merging,
FIG. 7C shows oil translation and merging by a droplet and
FIG. 7D shows oil splitting by a droplet.

FIG. 8 shows a 20 ul, droplet moving from an initial
position towards an illuminated site on a chip having trans-
parent electrodes.

FIG. 9 shows a sandwiched configuration created from two
0-OEW platforms. The two 0-OEW platforms have separate
AC supplies.

FIG. 10 shows a transparent 0-OEW chip fabricated on a
glass substrate with indium tin oxide (ITO) electrodes. The
brownish color is due to the deposition of amorphous Si
(a-Si), which is a photoconductor.

FIG. 11 shows a platform coupled to a DC current source
for heating a droplet and the resulting circuit diagram.

FIG. 12 shows the heating effect from a light source
focused off the 0-OEW chip (12A) and on the 0-OEW chip
(12B).

DESCRIPTION OF PREFERRED
EMBODIMENTS

For the purpose of promoting an understanding of the
principles of the invention, reference will now be made to the
embodiments illustrated in the drawings and specific lan-
guage will be used to describe the same. It will nevertheless
be understood that no limitation of the scope of the invention
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is thereby intended, such alterations and further modifica-
tions in the illustrated device and such further applications of
the principles of the invention as illustrated therein being
contemplated as would normally occur to one skilled in the art
to which the invention relates.

A first embodiment of an open optoelectrowetting
(0-OEW) device or chip inaccordance with the present inven-
tion is shown in FIG. 1. A fabrication process for this 0o-OEW
chip is briefly described as follows: First, a positive photore-
sist (Hoechst Celanese, AZ4620) is spun on a 4" glass wafer
(Corning, 1737F) and followed by a photolithography. Sec-
ond, 1000-A titanium (Ti) is deposited on the top of the wafer
using e-beam evaporation and then patterned by means of
lift-off to form electrodes. Subsequently, 450-nm amorphous
silicon (a-Si) and 115-nm SiO, are deposited using a plasma
enhanced chemical vapor deposition (PECVD) system. The
a-Si works as a photoconductor while the SiO, works as an
insulator in the chip. A hydrophobic coating of thickness less
than 50 nm is spun on the top surface with 1% diluted Teflon
(DuPont, AF1600®).

The 0-OEW device has driving and reference electrodes
patterned alternately, such that subcircuit loops are formed
when a droplet rolls over them. One side of the droplet expe-
riences a reduced contact angle due to the illumination; and
the other side maintains a high contact angle in the dark. The
driving and reference electrodes are connected to respective
terminals of an AC current source. The electrodes may be
elongate and arranged in a single row. In such configuration
the number and width of electrodes will determine the maxi-
mum possible x-axis actuation while the length of the elon-
gate electrodes will determine the maximum possible y-axis
actuation. Actuation is not constrained to one axis of the
device. The arrows in FIG. 1 illustrate that the droplet can be
actuated in the x or y direction. The interdigitated design or
jigsaw edge aims to increase the contact surface and minimize
the discontinuity due to the gap. The driving and reference
electrodes are substantially coplanar.

FIG. 2 illustrates the mechanism behind o-OEW. For each
pair of electrodes under the droplet, a closed circuit is formed
which runs from the AC voltage source through one electrode,
the photoconductive layer, the insulator or dielectric layer,
and the droplet, and then through an adjacent portion of the
insulator and photoconductive layers, and the other electrode,
to the AC voltage source. The photoconductor acts as a light-
sensitive variable impedance, and the insulator or dielectric
layer acts as a capacitor. For such a circuit loop on the dark
(non-illuminated) side of the droplet, the photoconductor
impedance substantially exceeds that of the insulator and thus
the principal voltage drop is across the photoconductor, and
the droplet maintains a high contact angle, i.e., the angle at
which the droplet meets the solid surface beneath it, measured
from the surface under the center of the droplet. On the
illuminated side of the droplet, the major voltage drops occurs
in the insulator, causing a wetting force. The liquid curvature
change due to the wetted surface decreases the inner pressure
which can be estimated from the Young-Laplace equation
[20]. Higher pressure on the dark side of the droplet prompts
the droplet to move toward the light spot. The shifting of
relative impedance values between the photoconductor and
the insulator determines where the major voltage drop occurs,
and hence the thickness of each layer should be carefully
designed to generate the maximum photoconductivity ratio
(i.e., high light-to-dark conductivity ratio).

The minimum droplet size is primarily constrained by the
electrode width. In one embodiment the average width of an
electrode is 750 pm, and the space between the electrodes is
50 um. In another embodiment the average electrode width is
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1125 pum, and the space between the electrodes is 75 pm.
Another embodiment has 525 pm electrodes and a 35 pm
space. Other size ranges can be fabricated depending on the
application. A controllable droplet should electrically con-
nect to at least three electrodes in order to form one or more
different loops on each side. The droplet need not completely
cover three electrodes, but should provide an electrical con-
nection to three electrodes. The embodiment having 750 pm
average width interdigitated electrodes can manipulate a
droplet having a diameter of approximately 1600 um or more.

For analyzing the droplet actuation in a systematic way, an
equivalent circuit for FIG. 2 can be expressed as

1
iwC;
Yorw = Ul = Ry 2Ron
= v e
iwC;  1+iwC, 1 +iwCy,

where U is the driving potential, C,, C,,, and C,, are the
capacitances of the insulator, the droplet, and the photocon-
ductor, respectively, R,,, and R, are the resistances of the
droplet and the photoconductor, respectively, and w denotes
the driving angular frequency. The hydrophobic coating (Te-
flon AF1600) used to maintain a high contact angle) (~118°)
is usually relatively thin, thus being excluded from the calcu-
lation for simplicity.

FIGS. 3 and 4 illustrate a droplet covering two and three
electrodes, respectively, and the corresponding circuits with
and without illumination on one side of the droplet. Zph is the
impedance of a portion of the photoconductor above a given
electrode, and Zi is the impedance of a portion of the insulator
above a given electrode. The numerals correspond to the
associated electrode. When a droplet covers only two elec-
trodes, the light-induced impedance change in one photocon-
ductor causes the current to change by the same amount on
each side of the droplet, and thus the voltages across the two
insulators remain equal while the voltage across the illumi-
nated photoconductor is less than the voltage across the non-
illuminated photoconductor. When a droplet covers at least
three electrodes, the current is different on one side of the
droplet than on the other, as indicated in FIG. 4, and the
illuminated side becomes more hydrophilic than the other.

The relationship between the voltage drop across the insu-
lator and the driving frequency is exhibited in FIG. 5. The
objective is to seek a frequency which can provide the maxi-
mum photoconductivity ratio. The voltage drop declines rap-
idly as the frequency increases and no significant difference
between the dark and bright states is observed at low frequen-
cies (<<100 Hz), resulting in a narrow bandwidth available
for manipulation. Compared to experimental observations
(10<c<100), the preferred bandwidth based on the current
setup falls between 100 Hz and 800 Hz. An increase in light
intensity may also enlarge the photoconductivity ratio.

An evaluation of contact angle measurement was con-
ducted. A potential of 37 V.. at 100 Hz was applied on a
liquid droplet (water). The illumination source was a laser
generating 15 mW/cm? at 670 nm, and it was used for both
actuation and contact angle measurements. A contact angle
reduction of 24° was experimentally observed. More infor-
mation regarding experimental and theoretical analyses can
be obtained from the works of Chiou et al. and Inui [22, 23].

FIG. 6 demonstrates fluid transport utilizing 0-OEW. In
FIG. 6A, the laser spot is placed so as to cause a droplet to
move up and left then down and left. In FIG. 6B, the laser spot
is placed between two droplets, and the wetting force attracts
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these two droplets toward each other and causes them to
merge. In FIG. 6C, three laser beams were shone on three
separate droplets to move them simultaneously. The move-
ment of the droplet in such a triangle path (FIG. 6 A) manifests
free movement in all directions on the surface. Translational
speeds up to 3.6 mm/s were experimentally measured.

To minimize the surface stiction resulting from hysteresis
and prevent evaporation, droplets can be immersed in low-
viscous (1 cst) silicone oil (Silicone 200 Fluids, Dow Corn-
ing). The mobility of droplets improves with silicone oil. FIG.
7 shows basic droplet manipulations with droplets immersed
in silicone oil, with a driving voltage of 35 Vrms at 310 Hz,
and a droplet volume of 10 pl.. A maximum translational
speed of 5 mm/s was measured. The manipulations demon-
strated in FIGS. 6A and 6B were repeated with the droplets
immersed in silicone oil as shown in FIGS. 7A and 7B. The
reduction of hysteresis and surface stiction allow low illumi-
nation power consumption, i.e., a 3 mW laser pointer or an
LED, for inducing an optoelectrowetting effect. The surface
tensions of both water/Teflon and oil/Teflon interfaces are
higher than that of water/oil, so a water droplet can act as a
handle to merge and split silicone oil as shown in FIGS. 7C
and 7D. A volume of silicone oil sufficient to surround the
droplet is preferred in order to prevent evaporation and mini-
mize surface stiction, but more silicone oil may be used.

The use of titanium (T1) for the electrodes makes it neces-
sary for the laser/steering beam to come in from the top.
However, the metal can be replaced by a translucent or trans-
parent conductive material, such as indium tin oxide (ITO),
thus enabling the laser beam to come in from the bottom (flat
side of the droplet). FIG. 8 shows a chip with transparent
electrodes and a transparent substrate. The series of images
illustrate movement of a droplet with illumination from the
bottom side. In FIG. 8, a back-side white light source illumi-
nates the region next to the droplet and attracts the droplet to
move toward the energized spot. Backside illumination can
provide homogeneous illumination and prevent uneven scat-
tering of the droplet. Backside illumination can also provide
use of an addressable illumination device, such as an LCD
panel.

A test without potential supply was also conducted to
observe the possible actuation resulting from the Marangoni
effect. No displacement was measured under such circum-
stances and the temperature increase due to the laser heating
was too small (<0.1° C.) to be measured.

FIG. 9 shows an embodiment in which a sandwiched con-
figuration is created by the use of two open configuration
optoelectrowetting platforms. This allows for equal actuation
force to be exerted on a droplet when light is shone on it from
the top or bottom. At least one of the open optoelectrowetting
platforms should be fabricated on a transparent substrate,
e.g., glass, with transparent electrodes, e.g., indium tin oxide,
to allow optical access. FIG. 10 shows a transparent 0-OEW
chip fabricated on a glass substrate with indium tin oxide
(ITO) electrodes. The brownish color is due to the deposition
of amorphous Si (a-Si), which is a photoconductor.

The two platforms are sandwiched so that the hydrophobic
layer of the first platform is adjacent to the hydrophobic layer
of'the second platform. A spacer may be used between the two
platforms. The space between the two platforms contains the
droplet to be actuated and should allow the droplet to contact
both platforms. The space between the platforms may
include, but is not limited to, between 50 pm and 500 pm.
Larger spacings up to the nominal diameter of the droplet are
suitable in certain applications. Preferably, the two platforms
are sandwiched such that their electrodes are in a cross-
configuration so that the elongate electrodes of the first plat-
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form are perpendicular to the elongate electrodes of the sec-
ond platform as illustrated in FIG. 9. In the disclosed
embodiment the two platforms have separate AC supplies that
are multiplexed so that the platforms are not simultaneously
charged.

The sandwiched configuration has attributes of an open
optoelectrowetting device in that it comprises two 0-OEW
platforms, each having its own driving and reference elec-
trodes on the same side of a droplet and capable of being
energized independently for droplet manipulation. The driv-
ing and reference electrodes on each platform are preferably
substantially coplanar. However, other single-sided electrode
configurations are contemplated.

The sandwiched configuration may have one or more win-
dows in one of the platforms. The windows are void areas of
the platform which do not contain a substrate, electrodes,
conductive layer, photoconductive layer, dielectric layer or
hydrophobic layer. The windows allow physical access to the
droplet which may be useful for operations such as removing
a droplet or adding material to a droplet.

In some applications the ability to heat a droplet may be
advantageous, e.g., PCR. Heating a sample can be accommo-
dated with either a single 0-OEW platform, as shown in FIG.
11, or with a sandwiched configuration. By varying the resis-
tance in a circuit, the temperature is changed accordingly. The
photoconductor in the 0-OEW chip is treated as a variable
resistor. The resistance is altered in response to the light
illumination. A strong light intensity results in a high heating
temperature due to less resistance but more current and vice
versa. FIG. 12 illustrates this effect. When the laser spot hits
somewhere outside the chip, the temperature increase due to
laser heating is only one or two degrees above the background
(FIG. 12A). In contrast, the temperature increase becomes
more significant when the laser spot is inside the chip due to
the resultant Joule heating from the increase in current
through the photoconductor (FIG. 12B).

The heating effect is directly related to the photoconduc-
tive change of a photoconductor. A photoconductor that can
induce a large photoconductive ratio is preferred. The energy
gap of a material affects the absorbed wavelength and the
efficiency. Two materials have been tested under a visible
light source (20 mW He—Ne laser, A=632 nm). Pure amor-
phous silicon (a-Si) without dopants induces a photoconduc-
tive ratio that is less than the photoconductive ratio of amor-
phous silicon with dopants, such as hydrogen molecules. The
maximum photoconductive change is about 30-fold while the
minimum resistance is thousands of kilohms. The heating
efficiency of amorphous silicon is counteracted by the high
resistance. Cadmium sulfide (CdS) is another suitable photo-
conductor due to its excellent response to the visible light.
The maximum photoconductive ratio of cadmium sulfide can
reach 1000-fold and the minimum resistance can be as low as
several hundred ohms Cadmium sulfide is a photoconductor
suitable for heating a droplet with a single 0-OEW platform or
with a sandwiched configuration. Cadmium sulfide can
increase in temperature 2-3° C./s under the flood illumination
of a 100 W halogen lamp. Temperature change will vary
depending on the intensity of illumination. Temperature
changes more slowly when an amorphous silicon photocon-
ductor is used compared to a cadmium sulfide photoconduc-
tor.

Different photoconductors may be used within the photo-
conductive layer so that some areas of the platform contain a
first photoconductor and other areas of the platform contain a
second photoconductor. This configuration can be useful
when a specific area of the chip is to be dedicated to heating.
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The droplet may be heated using either AC or DC current,
although DC is preferred. A signal generator may be coupled
to an 0-OEW platform so as to selectively provide DC or AC
current or a combination thereof, e.g., a signal having an AC
component and a zero or nonzero DC component or bias. A
signal generator can provide the flexibility of using an AC
current for droplet actuation and a DC current for droplet
heating without having to couple the 0-OEW platform to a
different type of current source. Alternatively, separate DC
and AC current sources may be attached to the platform.

Although amorphous silicon and cadmium sulfide are dis-
closed in this application for use as photoconductors, other
photoconductors may be used provided a light source is
selected which is suitable for exciting the photoconductor.
Organic photoconductors may be used in applications where
some flex or bending in the platform is desirable.

The present invention provides a unique technique of drop-
let actuation using an open configuration OEW with coplanar
electrodes and a photoconductor. The results overcome the
deficiencies of the current OEW, leading to a complete pro-
grammable LoC system.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, the same is
to be considered as illustrative and not restrictive in character,
it being understood that only preferred embodiments have
been shown and described and that all changes and modifi-
cations that come within the spirit of the invention are desired
to be protected.
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We claim:

1. An open optoelectrowetting (OEW) device for liquid
droplet actuation, comprising:

a substrate;

a conductive layer with a plurality of substantially coplanar
driving and reference electrodes in an interdigitated
alternating pattern on said substrate, said plurality of
driving electrodes and said plurality of reference elec-
trodes are arranged in a single row, said plurality of
driving electrodes being electrically connected in paral-
lel and said plurality of reference electrodes being elec-
trically connected in parallel for connection to respec-
tive terminals of an AC voltage source;

a photoconductive layer on said conductive layer; a dielec-
tric layer on said photoconductive layer; and

a hydrophobic layer on said dielectric layer.

2. The open OEW device of claim 1, wherein said elec-
trodes are electrically connected to a liquid droplet suitable
for OEW actuation, said at least three electrodes cooperating
with said droplet to define at least two subcircuits.

3. The open OEW device of claim 1, wherein said plurality
of'driving electrodes and said plurality of reference electrodes
are transparent.

4. The open OEW device of claim 3, wherein said plurality
of'driving electrodes and said plurality of reference electrodes
include indium tin oxide.
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5. The open OEW device of claim 3, wherein said substrate
is transparent.

6. The open OEW device of claim 1, wherein said hydro-
phobic layer and said dielectric layer are transparent.

7. The open OEW device of claim 1, wherein at least one
driving electrode and at least one reference electrode are
electrically connected through the photoconductive layer, the
dielectric layer, and the hydrophobic layer to a liquid droplet
suitable for OEW actuation.

8. The open OEW device of claim 1, wherein:

each electrode in the plurality of substantially coplanar

driving and reference electrodes is elongate having a
long side, and

the plurality of substantially coplanar driving and refer-

ence electrodes is arranged in a single row such that the
long sides of the driving electrodes are adjacent to and
parallel with the long sides of the reference electrodes.

9. An open optoelectrowetting (OEW) device for liquid
droplet actuation, comprising:

afirst AC voltage source having first and second terminals;

a first substrate;

afirst conductive layer with a first plurality of substantially

coplanar elongate driving and reference electrodes in an
interdigitated alternating pattern on said substrate, said
plurality of driving electrodes and said plurality of ref-
erence electrodes are arranged in a single row, said first
plurality of elongate driving electrodes being electri-

20

25

10

cally connected in parallel to said first terminal and said
first plurality of elongate reference electrodes being
electrically connected in parallel to said second termi-
nal;

a first photoconductive layer on said first conductive layer;

a first dielectric layer on said first photoconductive layer;

and

a first hydrophobic layer on said first dielectric layer.

10. The open OEW device of claim 9, further comprising a
droplet electrically connected to at least three of said elec-
trodes, said at least three electrodes cooperating with said
droplet to define at least two subcircuits.

11. The open OEW device of claim 9, wherein said plural-
ity of driving electrodes and said plurality of reference elec-
trodes are arranged in a single row.

12. The open OEW device of claim 9, wherein said plural-
ity of driving electrodes and said plurality of reference elec-
trodes are transparent.

13. The open OEW device of claim 12, wherein said plu-
rality of driving electrodes and said plurality of reference
electrodes include indium tin oxide.

14. The open OEW device of claim 12, wherein said sub-
strate is transparent.

15. The open OEW device of claim 9, wherein said hydro-
phobic layer and said dielectric layer are transparent.
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